Introduction
Yellow arsenic (molecular As 4 ) is attractive as a soluble, molecular source of this element for chemical synthesis in solution, but its use is complicated because it readily polymerizes to the metallic grey allotrope; 1 As 4 is photosensitive and thermally unstable as a solid, but exhibits good thermal stability in solution and in the gas phase. Bettendorff 2 has been credited as the first to report yellow arsenic, 1 and an early discussion of arsenic allotropes was provided by Linck. 3 Stock and Siebert reported a method of As 4 generation using an electric arc, 4 while Erdmann and von Unruh diagrammed an As 4 synthesis using what is essentially a simple tube furnace. 5 Scherer et al. have utilized As 4 solutions prepared in that manner 6 in xylene or decalin at reflux (140 or 170 • C, respectively) for reactions with transition-metal carbonyls in syntheses of cyclo-As n ligands (n = 3 − 6, 8) 7 and metal-arsenic clusters. 8 Having prepared the first complexes containing ligated cyclo-P 3 , Sacconi et al. reported generation of As 4 by the tube furnace method and its transformation to provide cyclo-As 3 as a bridging ligand. 9 West et al. also described As 4 activation by the disilene system Mes 2 Si=SiMes 2 in toluene solution. 10 The foregoing is nearly an exhaustive summary of the known solution-phase reaction chemistry of the As 4 molecule. Herein we add to this body of knowledge that is derived from the tube furnace method of As 4 generation. 5 In prior work we showed that the niobaziridine-hydride complex HNb(η 2 -t BuHC=NAr)(N-
[Np]Ar) 2 (1, where Np = CH 2 t Bu and Ar = 3,5-C 6 H 3 Me 2 ; Figure 1 ) activates P 4 in organic solvents at 20 • C, and that the product of this activation is a µ-P 2 diniobium complex. 11 We went on to show that 2e reduction of the µ-P 2 diniobium complex elicited P-P bond cleavage with formation of a terminal phosphide anion complex, [P≡Nb(N[Np]Ar) 3 ] − . 12 The latter has proven to be quite versatile for transfer of the phosphide phosphorus atom to various electrophiles, resulting in interesting bound ligands or free main-group species. 13 Of particular note is the functionalization of [P≡Nb(N[Np]Ar) 3 ] − with Niecke's chloroiminophosphane, ClP=NMes* (Mes* = 2,4,6-C 6 H 2 t Bu 3 ), 14 leading to the synthesis of a diphosphaazide complex of niobium, (η 2 -PPNMes*)Nb(N[Np]Ar) 3 , which upon thermolysis rearranges to the niobium(V) imido, (Mes*N)Nb(N[Np]Ar) 3 , with loss of the P 2 molecule. 15 As represented in a series of pa-pers, we have gathered convincing evidence for the intermediacy of the free P 2 molecule as a reactive transient engaging in in Diels-Alder reactions with organic dienes and undergoing addition to terminal phosphide M≡P triple bonds to yield cyclo-P 3 complexes. 15, 16 Similar triple-bond reactivity has likewise been exhibited by the tungsten pentacarbonyl complex of P 2 , having the formula (P 2 )W(CO) 5 , a species also proposed to be accessible as a reactive transient intermediate. [15] [16] [17] Accordingly, a primary aim of the present work was to investigate the As 4 activation chemistry of 1 in search of parallels with the prior line of inquiry based on P 4 activation.
A second aim of the present work was to discover if our established scheme for P 2 generation/transfer could be extended to provide access to the diatomic molecule AsP, either in free form or else stabilized as its tungsten pentacarbonyl complex. In the gas-phase phosphorus-arsenic system at 600-850 • C, it has been shown that the major species present are the tetrahedral molecules As n P 4−n (n = 1 − 4; a selective, low-temperature route to AsP 3 was reported recently 18 ), but that the diatomic molecule AsP is also present as a significant percentage of the mixture and plays an important role in the system. 19 In contrast, the homonuclear diatomic molecules P 2 and As 2 have negligible concentration at these temperatures. An AsP solid solution phase has also been described for the arsenic-phosphorus system under the high-pressure conditions needed to suppress sublimation of the elements near 600 • C. 20 Vibrational signatures for the AsP molecule were first observed using a microwave discharge through a flowing mixture of AsCl 3 and PCl 3 , 21 and the molecule has been generated more recently by laser ablation of arsenic in the presence of PH 3 . 22 AsP has a measured dissociation energy of 429.7 ± 12.6 kJ mol −1 , 23 and an equilibrium bond distance of 1.9995440(2) Å. 22 
Results and discussion

Reaction of Niobaziridine Hydride with As 4
To a cold (−30 • C) solution of As 4 in toluene was added niobaziridine-hydride complex 1 via a solid addition tube, and then the reaction mixture was allowed to warm to room temperature in the dark (Figure 1 ). After stirring for 16 h, it was observed that the reaction mixture had attained a dark green color, indicative of µ-As 2 complex (µ 2 :η 2 ,η 2 -As 2 )[Nb(N[Np]Ar) 3 ] 2 , 2. Diarsenide complex 2 was then isolated as a bright green powder in 52% yield. A single-crystal X-ray diffraction study of complex 2 has not yet resulted in a high quality structure solution, but one study did confirm the connectivity proposed for the molecule as drawn ( Figure 1 ).
The most important structural parameter for complex 2 is the As-As interatomic distance, so the model system (µ 2 :η 2 ,η 2 -As 2 )[Nb(N[Me]Ph) 3 ] 2 was constructed and subjected to geometry optimization using density functional theory (DFT) methods to obtain r As-As (calcd.) = 2.365 Å. In the activation of As 4 by niobaziridine-hydride complex 1, a rare example is generated of a molecule containing an M 2 As 2 butterfly core. 30 and the diarsene Mes*As=AsMes* (2.2634(3) Å), 31 these are indeed acceptable values. By these criteria, our complex 2 (calculated r As-As = 2.365 Å) might be assigned some
As-As double bond character. To assess this in more detail, we turned to a topological analysis of the calculated electron density; calculated properties for several molecules from the present work as well as for some reference molecules are collected in Table 1 . Consideration of the electron density ρ b at the As-As bond critical point for our model system representing 2 gives a bond order n = 1.14 (Table 1) . This is consistent with the representation of 2 as drawn in Figure 1 with an interarsenic single bond. These values compare well with those calculated similarly for the spherical-aromatic 32 As 4 molecule: r As-As = 2.4372 Å (exp. = 2.44 Å 33 ). 3 ] shown with 50% probability thermal ellipsoids. Selected interatomic distances (Å) and angles ( • ): Nb1-As1, 2.3078(5); Nb1-N1, 2.107(2); Nb1-N2, 2.058(2); Nb1-N3, 2.051(2); As1-Nb1-N1, 108.10(7); As1-Nb1-N2, 103.48(7); As1-Nb1-N3, 100.89(7).
Terminal Arsenide Anion Synthesis
Two-electron reduction of diarsenide 2 was achieved by treatment with an excess of 1% Na/Hg in tetrahydrofuran (THF) solvent. This led to the isolation in 68% yield of the [Na(THF)] + salt of the arsenide complex anion [As≡Nb(N[Np]Ar) 3 ] − , 3, which was found to crystallize as a close- a All molecules geometry-optimized without symmetry constraints at the spin-restricted all-electron OLYP ZORA level of theory with QZ4P basis for As, P, Nb, TZ2P basis for C, N, W, and O and DZP basis for H atoms. b Distances given in Å. c Electron density in e/a • at the (3, −1) As-As or As-P bond critical point. d Bond order n according to the definition n = exp(A × (ρ b − B)). For As-As bonds, A = 19.7363 and B = 0.0774921 as determined by least-squares fitting using As 2 , E-HAs=AsH, and H 2 AsAsH 2 as reference compounds for triple, double, and single bonds, respectively. For As-P bonds, A = 17.23 and B = 0.088469 using AsP, E-HAs=PH, and H 2 AsPH 2 as reference systems. e The value of the Laplacian of the electron density at the (3, −1) As-As or As-P bond critical point in e/a 5 • . f Ellipticity at the (3, −1) As-As or As-P bond critical point. g Atomic charge obtained by integration of the electron density over the respective As or P atomic basin. h The first line of data refers to the As-P bond involving the P atom that is not ligated by W(CO) 5 . contact ion-paired dimer by X-ray diffraction analysis (r As-Nb = 2.3106(3) Å). 34 Also isolated and structurally characterized was the [Na(12-crown-4) 2 ] + salt of anion 3, and in this case there are no close contacts involving the one-coordinate As atom of the terminal arsenide anion (r As-Nb = 2.3078(5) Å, see Figure 2 ).
Terminal arsenide complexes-characterized by one-coordinate As that is triply bonded to a metal atom-are rare, but known examples include the triamidoamine-supported complexes As≡Mo-[(Me 3 SiNCH 2 CH 2 ) 3 N] (r As-Mo = 2.252(3) Å) 35 and As≡W[(Me 3 SiNCH 2 CH 2 ) 3 N] (r As-W =-2.2903(11) Å). 36 Unlike the niobium arsenide 3, the latter two complexes were not prepared via (Table 1) . A plot of the Laplacian of the electron density for the model system for 4 is shown in Figure 4 . The plot is in a plane defined by the Nb, As, and P nuclei and accumulation of valence-shell charge between P and As, as well as P and Nb, is clearly visible. The arsaphosphaazide ligand, AsPNMes*, is a new addition to a small group of heavy azide analogues, 41, 42 which also includes the diphosphaazide liand, PPNMes*.
Preparation of the As=P=NMes* Complex
Thermolysis of the As=P=NMes* Complex with Conversion to a Niobium
Imido Complex
Thermolysis of complex 4 was carried out under various conditions. Simple thermolysis in benzene- Thermolysis of 4 (65 • C, 3 h) in neat 1,3-cyclohexandiene or neat 2,3-dimethyl-1,3-butadiene did not lead to efficient AsP trapping. The 31 P NMR spectra of the reaction mixtures showed disappearance of starting material and formation of a multitude of phosphorus-containing products.
Attempts to isolate individual compounds from the mixtures were unsuccessful. Resonances at δ = −79 ppm (1,3-cyclohexadiene) and δ = −52 ppm (2,3-dimethyl-1,3-butadiene) were tentatively assigned to the double Diels-Alder adducts of AsP with the respective dienes based on the corresponding shifts for the P 2 adducts, P 2 (C 6 H 8 ) 2 (δ = −80 ppm) and P 2 (C 6 H 10 ) 2 (δ = −52 ppm). 15 Integration of these 31 P NMR resonances versus an internal standard (PPh 3 ) revealed that the proposed AsP trapping products, AsP(C 6 H 8 ) 2 and AsP(C 6 H 10 ) 2 , were formed in 16% and 19% yields, respectively. 43 We have discovered previously that M≡P bonds are more effective traps for the P 2 molecule than are organic dienes, and react with P 2 in a one-to-one fashion to form cyclo-P 3 metal complexes. 16 As such, 4 was also thermolyzed in benzene in the presence of P≡Mo(N[ i Pr]Ar) 3 , The only reported example of a cyclo-AsP 2 complex in the literature, (cyclo-AsP 2 )CrCp(CO) 2 , was also formed concomitantly with its cyclo-P 3 analogue. 46 The pair was synthesized by treating the tetrahedral complex [CrCp(CO) 2 ] 2 (µ-η 2 -P 2 ) with one equivalent of AsCl 3 , and the cyclo-AsP 2 complex (δ = −242 ppm) appeared 43 ppm downfield from the cyclo-P 3 complex (δ = −285 ppm) in the 31 P NMR spectrum. Crystals of (cyclo-AsP 2 )CrCp(CO) 2 were obtained in 10% yield via fractional crystallization of the reaction mixture. The formation of (cyclo- 3 , 7, can be explained by a suprafacial [2 + 2] cycloaddition reaction between As≡P and P≡Mo(N[ i Pr]Ar) 3 , followed by rapid intramolecular isomerization to the molybdenum cyclo-AsP 2 complex. 16 The mechanism for As/P exchange to form (cyclo-P 3 )Mo(N[ i Pr]Ar) 3 has not been elucidated, and presumably involves a bimolecular process. 
Synthesis of the (AsP)W(CO) 5 Synthon
In an effort to stabilize AsP in solution after its extrusion from the Nb(N[Np]Ar) 3 platform, we investigated the possibility of its generation as a tungsten pentacarbonyl complex. We have observed previously that coordination of the W(CO) 5 fragment to the terminal P atom of (η 2 -PPNMes*)Nb(N[Np]Ar) 3 results in room temperature fragmentation of the complex to the (P 2 )W-(CO) 5 molecule and the niobium imido 5. 15 Binding of W(CO) 5 sufficiently stabilizes the P 2 molecule to extend its lifetime in solution, but does not shut down the triple bond reactivity of the diphosphorus moiety. Higher yields of trapping products are generally observed for (P 2 )W(CO) 5 than for the unsupported P 2 molecule. [15] [16] [17] The free (AsP)W(CO) 5 molecule was not directly observed by 31 formed by the trapping of (P 2 )W(CO) 5 by 6, resonates at δ = −212 ppm (20 • C, benzene-d 6 ). 16 A small amount of (cyclo-AsP 2 )Mo(N[ i Pr]Ar) 3 The solid state structure of 7-W(CO) 5 exhibits the expected geometry, with the cyclo-AsP 2 ring η 3 -coordinated to the molybdenum trisanilide platform (Figure 7) . Of note, the W(CO) 5 fragment is η 1 -coordinated to phosphorus and not to the arsenic atom to which it was bound in Diels-Alder adducts of AsP, (OC) 5 W(AsP)(C 6 H 8 ) 2 (8-W(CO) 5 ) and (OC) 5 W(AsP)(C 6 H 10 ) 2 (9-W(CO) 5 ) were isolated as white crystalline solids in 14% and 17% yields, respectively. Monitoring formation of 8-W(CO) 5 and 9-W(CO) 5 in solution by 31 P NMR spectroscopy (PPh 3 as internal standard) gave much higher yields of 46% and 52%, indicating that (AsP)W(CO) 5 is trapped much more efficiently by organic dienes than AsP. The formulations of 8-W(CO) 5 and 9-W(CO) 5 were confirmed by high-resolution electron impact mass spectrometry; the molecular ions of both species were located and matched the predicted isotope patterns for (OC) 5 (Figure 8) and 9-W(CO) 5 (Figure 9 ) confirm that W(CO) 5 is bound to phosphorus in the final products. The (P 2 )W(CO) 5 and (As 2 )W(CO) 5 molecules have been the subject of a theoretical study concluding that, in contrast to N 2 , the P 2 and As 2 ligands preferentially bind side-on to the W center. 47 If the same is assumed to be true for (AsP)W(CO) 5 , it is easy to envision migration of the W(CO) 5 fragment along the As-P bond to the more nucleophilic phoshorus atom during the trapping reactions.
Compounds 8-W(CO) 5 and 9-W(CO) 5 are isostructural to the related (P 2 )W(CO) 5 double Diels-Alder adducts of 1,3-cyclohexadiene and 2,3-dimethyl-1,3-butadiene, 15 with the exception of the slightly longer As-P bond distances (8-W(CO) 5 , r As-P = 2.3010(6) Å; 9-W(CO) 5 , r As-P = 2.3195(11) Å). The double 1,3-cyclohexadiene adduct, 8-W(CO) 5 , exhibits a tetracyclic structure with a cofacial pair of C=C π bonds, while the double 2,3-dimethyl-1,3-butadiene adduct, 9-W(CO) 5 , exhibits a more open bicyclic framework. The structure of 8-W(CO) 5 was geometry optimized using DFT calculations (Table 1) , giving a calculated r As-P = 2.297 Å, which agrees well with the As-P bond lengths observed in the solid state structures of 8-W(CO) 5 and 9-W(CO) 5 and the predicted As-P bond length from single bond covalent radii (2.32 Å). 28 Figure 8: Molecular structure of complex 8-W(CO) 5 shown with 50% probability thermal ellipsoids. Selected interatomic distances (Å) and angles ( • ): As1-P1, 2.3010(6); P1-W1, 2.5405(5); As1-P1-W1, 116.22 (2) .
Conclusions
In conclusion, we have used the niobium-mediated acivation chemistry of As 4 to access the un- plex, (OC) 5 W(cyclo-AsP 2 )Mo(N[ i Pr]Ar) 3 (7-W(CO) 5 ), which has been structurally characterized.
In addition to accessing triple-bond reactivity of the proposed (AsP)W(CO) 5 2 (1), 11 Mes*NPCl, 14 and P≡Mo(N[ i Pr]Ar) 3 (6) 44 were prepared according to literature procedures. All glassware was oven-dried at temperatures greater than 170 • C prior to use. NMR spectra were obtained on Bruker Avance 400, Varian Mercury 300, or Varian Inova 500 spectrometers. 1 H NMR spectra were referenced to residual solvent resonances (C 6 D 5 H, 7.16 ppm, C 4 D 7 HO, 3.58 ppm, C 7 D 7 H, 2.09 ppm); 13 C NMR spectra were referenced to C 6 D 6 (128.39 ppm) and C 4 D 8 O (67.57 ppm); and 31 P NMR spectra were referenced externally to 85% H 3 PO 4 (0 ppm). Elemental analyses were performed by Midwest Microlab, LLC, Indianapolis, Indiana.
As 4 Generation and Trapping
Yellow arsenic (As 4 ) is generated by subliming grey arsenic in the apparatus shown in Supporting Information Figure S1 
Synthesis of [Na(THF)][As≡Nb(N[Np]Ar) 3 ], [Na(THF)][3]
Freshly prepared 1% sodium amalgam (Na: 0.25 g, 11 mmol, 15 equiv/Nb) was added to a dark green THF (30 mL) solution of (µ 2 :η 2 ,η 2 -As 2 )[Nb(N[Np]Ar) 3 ] 2 (2, 1.09 g, 0.740 mmol). The mixture was stirred vigorously for 2 h, during which time the color gradually changed from green to bright red. The supernatant solution was decanted from the amalgam and evaporated to dryness, leaving behind a red residue. The red residue was extracted with 50 mL of n-pentane and filtered through Celite. The filtrate was concentrated to a volume of 3 mL and placed in the freezer for 
Synthesis of [Na][(OC) 5 WAs≡Nb(N[Np]Ar) 3 ], [Na][3-W(CO) 5 ]
A 0.015 M yellow solution of W(CO) 5 (THF) was prepared by irradiating a solution of W(CO) 6 (0.650 g, 1.85 mmol) in 50 mL of THF in a Rayonet photoreactor equipped with six RPR-4190 (emission maximum at 419 nm) and ten RPR-2540 (emission maximum at 254 nm) lamps for 24 h, with periodic degassing to remove CO. To this solution (42 mL, 0.630 mmol of W(CO) 5 Synthesis of (OC) 5 W(AsP)(C 6 H 10 ) 2 , 9-W(CO) 5 To a thawing solution of [Na(THF)][(OC) 5 mg, 0.050 mmol). This solution was stirred for 30 s before the solvent was removed in vacuo.
The residue was extracted with a toluene-d 8 (1.0 g) solution of ferrocene (7 mg, 0.04 mmol, used as an internal standard). The resulting extract was filtered cold through Celite into a sealable (J.
Young) NMR tube, which was then frozen for transport to an NMR probe pre-cooled to 10 • C. The temperature of the probe was verified by an ethylene glycol NMR thermometer before each run.
Four-scan 1 H NMR spectra (relaxation delay = 16 s) were collected every three minutes over a period of four half-lives. The integral of the methylene residue of 4-W(CO) 5 as a function of time, corrected versus the internal standard, was fit to the first-order rate equation, I(t) = Ae −kt + b, using the automated routine of Origin 6. 48 The experiment was repeated three times. 49 The average rate constant for the decay of 4-W(CO) 5 at 10 • C is 5.5(3) × 10 −4 s −1 . As shown in Figure S23 , conversion of 4-W(CO) 5 to the niobium imido complex, (Mes*N)Nb(N[Np]Ar) 3 (5) , is nearly quantitative.
Details of X-ray Structure Determinations
Crystals were mounted in hydrocarbon oil on a nylon loop or a glass fiber. Low-temperature (100 K) data were collected on a Siemens Platform three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) performing φ -and ω-scans. A semi-empirical absorption correction was applied to the diffraction data using SADABS. 50 All structures were solved by direct or Patterson methods using SHELXS 51, 52 and refined against F 2 on all data by full-matrix least squares with SHELXL-97. 52, 53 All nonhydrogen atoms were refined anisotropically. All hydrogen atoms were included in the model at geometrically calculated positions and refined using a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms to which they are linked (1.5 times for methyl groups). In structures where disorders were present, the disorders were refined within SHELXL with the help of rigid bond restraints as well as similarity restraints on the anisotropic displacement parameters for neighboring atoms and on 1,2-and 1,3-distances throughout the disordered components. The relative occupancies of disordered components were refined freely within SHELXL. 54 Further details on all structures are provided in Tables S1 and S2, and in the form of cif files available as part of the Supporting Information or from the CCDC under deposition numbers 710856-710861. 55
Computational Details
Quantum chemical calculations were carried out to probe the electronic structure of the As-As and As-P bonds contained within the new product molecules, to be compared with some reference systems analyzed by the same methods. Geometry optimizations were carried out using the Amdsterdam Density Functional (ADF) code version 2006.01, 56 using the LDA functional of Vosko, Wilk, and Nusair (VWN) 57 together with the GGA functional known as OLYP which is a combination of Handry and Cohen's OPTX functional for exchange and Lee, Yang, and Parr's nonlocal correlation functional. 58 The zero-order regular approximation (ZORA) was used for inclusion of relativistic effects. 59 The basis sets were QZ4P (quadruple-ζ with four polarization functions) for As, P, Nb, TZ2P for C, N, W, and O and DZP for H atoms as supplied with ADF, and frozen core approximations were made for carbons on the anilide ligands (1s). All molecules were geometry-optimized without symmetry constraints to default convergence criteria and energies are uncorrected for zero-point energies. Bond multiplicities were calculated using the method of Nalewajski and Mrozek within ADF. 60 Electron density topologies and orbital contours were analyzed using the packages DGrid and Basin by Kohout. 61 
